Influenza RNA in blood (viremia) was detected in 9 of 79 (11.4%) hematopoietic cell transplant recipients with influenza, and was less frequently observed in patients with upper respiratory tract disease only and more frequently in patients infected with 2009 pandemic influenza A/H1N1 strain (versus seasonal strains). Viremia increased the risk of progression to lower respiratory tract disease (LRD), hypoxemia, respiratory failure, and overall and influenzarelated death. Among patients with LRD, viremia was associated with increased hazards of overall and influenzaassociated death (hazard ratio 3.5, 1.1-12). Thus, influenza viremia may serve as marker for overall poor outcome.
Recent studies in patients infected with avian influenza, pilot data from hematopoietic cell transplant (HCT) patients with seasonal and 2009 pandemic influenza A/H1N1 (2009 H1N1), and initial data in immunocompetent patients infected during the 2009 H1N1 outbreak, suggest that detection of influenza viral RNA in serum may be associated with poor outcomes [1] [2] [3] [4] [5] . Although there have been several reports that influenza virus infection can have a viremic phase, the incidence of isolation or viral RNA detection of influenza in the blood is thought to be low. The timing, viral load, risk factors for viremia or RNA detection in the blood, and the association of influenza RNA or viremia with outcome have not been reported.
METHODS

Patients
HCT recipients who had virologically proven influenza infection between January 1990 and October 2009 and stored serum or plasma samples accessible were included in this study. Weekly plasma or serum samples, which were collected within 4 weeks before and after diagnosis of lower respiratory tract disease (LRD) (in case of upper respiratory tract disease [URD] alone, within 2 weeks before and after diagnosis of URD), were tested for the presence of influenza virus RNA by real-time reverse-transcription-polymerase chain reaction (RT-PCR). Clinical data were collected from databases and supplemental chart review. The study was approved by the Institutional Review Board at the Fred Hutchinson Cancer Research Center (FHCRC). Subjects signed an informed consent permitting use of data and stored samples for research.
Virologic Methods
All patients had nasal wash and/or bronchoalveolar lavage samples positive for influenza A or B and for a specific influenza A subtype by real-time RT-PCR assays. Serum or plasma frozen at or below −20°C and tested by real-time RT-PCR assays targeting the influenza matrix genes as previously described [6, 7] . The limit of detection was 200 copies/mL. Specimens with positive results of less than 10 copies/reaction were repeated to confirm positivity [8] .
Criteria for Analysis and Definitions
Influenza URD and LRD were defined as described [9, 10] . The day of influenza diagnosis was defined as the day of the sample of first positive virologic test following HCT. Lymphopenia and steroid use was analyzed as described [9] .
The presence of coinfection was defined as detection of a pathogenic bacterium, mold, or opportunistic virus from the same respiratory site and/or blood obtained within 2 weeks of influenza virus isolation [10] . Hypoxemia was defined as ambient air oxygen saturation <90% or the need for oxygen supplementation; respiratory failure was defined as any respiratory distress condition that required mechanical ventilation assistance such as bilevel positive airway pressure, continuous positive airway pressure, or intubation, occurring during the 28 days after influenza diagnosis. Death was considered to be related with influenza if a patient died of respiratory failure and influenza virus was considered to be a contributor to the lung injury.
Statistical Analysis
We conducted 4 analyses. First, we characterized the occurrence of RNA detection in the blood, and evaluated possible risk factors for its occurrence. Second, we determined the overall correlation of detection of influenza viral RNA in blood with clinical outcomes among the entire cohort of HCT recipients with laboratory-confirmed influenza infection (N = 79). Clinical outcomes that were tested included LRD, hypoxemia, respiratory failure, time to death from all causes, and time to influenza-associated death. Third, among patients who had influenza URD only at presentation (N = 71), the presence of influenza RNA at URD presentation was evaluated and analyzed as a time-dependent risk factor for progression to LRD. Finally, among patients with influenza LRD (at presentation or following progression; N = 20), influenza RNA detection in blood was analyzed as a risk factor for LRD outcome (influenza-associated death, death from any cause).
All statistical analyses were performed with SAS version 9.1 (SAS Institute Inc., Cary, NC). Because outcome prevalence rates were high enough that odds ratios would not afford good approximations of relative risk (RR), we utilized univariable and bivariable Poisson regression models with robust variance to directly estimate RR and 95% confidence intervals (CIs) for LRD, hypoxemia, and respiratory failure [11] . Univariable and bivariable Cox proportional hazards models were used to evaluate adjusted hazard ratios (HRs) for mortality and progression to LRD. Bivariable models were utilized (each candidate confounder plus viremia) because the number of events was low and a full multivariable model could not be fit.
RESULTS
Characteristics of the Patients and Samples
From January 1991 through October 2009, blood specimens from 20 patients with LRD and 59 patients with URD only were available (Table 1 ). This accounts for approximately 50% of the overall number of patients with virologically-proven influenza during the time period at FHCRC and the characteristics of the cohort were representative of the entire cohort [9] . A total of 283 blood samples (113 serum samples and 170 plasma samples) were tested for the presence of influenza viral RNA. An average of 3.6 samples per patient were tested (range, 1-8) with a median interval of 7 days. The demographic characteristics of the patients are listed in Table 1 . Precise data for the initiation of antiviral drugs was available in 78 (98.7%) patients. Antiviral treatment was administered in 48 (60.8%) patients after the diagnosis of influenza, and early antiviral treatment for URD within 48 hours after sample acquisition for virologic testing was achieved in 24 (30.4%) patients.
Frequency and Time Pattern of Influenza Viral RNA Detection in Blood
Overall, influenza viral RNA was detected in 9 out of 79 (11.4%) patients and was more frequently observed in patients with LRD than in patients with URD only (6 [ Figure 1 ). All patients with LRD and viral RNA in blood had influenza URD at the initial presentation and progressed to LRD with RNA detected at a median of 3.5 days (range, −11 to 5 days) before the LRD diagnosis. The median maximum RNA load among positive results was 1611 copies/mL (range, 131-18 000 copies/ mL) and was not different between the URD only and the LRD cohort. Duration of RNA detection in blood was a median of 1 week (range, 1-3 weeks).
Risk Factors for Influenza RNA Detection in Blood
Influenza viral RNA detection occurred in 6 out of 30 (20%) patients with profound lymphopenia (<100 cells/µL), compared with 2 out of 28 (7.1%) patients without lymphopenia (≥300 cell/µL) (RR, 3.25, 95% CI, .6-18; P = .173). Three out of 9 (33.3%) patients with 2009 H1N1 had viral RNA in blood, compared with 6 out of 70 (8.6%) patients with seasonal influenza A and B (RR, 5.33, 95% CI, 1.3-22; P = .022). RNA viremia was also less common in patients with URD than in patients with LRD (RR, 0.17, 95% CI, .05-.6; P = .007). In bivariable analyses, the detection of 2009 H1N1 influenza remained statistically significant when lymphopenia or timing of antiviral treatment were added to the models (adjusted RR, 4.72, 95% CI, 1.1-19; P = .032 [with lymphopenia]; adjusted RR, 5.04, 95% CI, 1.2-21; P = .025 [with early vs late antiviral treatment]).
Association of Influenza Viral RNA Detection in Blood With Clinical Outcomes
Significantly worse clinical outcomes were observed in patients with RNA detected in the blood compared with those without RNA in blood (Table 2) .
Because most patients with viremia were lymphopenic and progression occurred in the setting of lymphopenia, a subgroup analysis (N = 44) for patients with lymphopenia (<300 cells/µL) was performed (Table 2 ). When we adjusted for lymphopenia, timing of initiation of antiviral treatment, the intensity of the conditioning regimen, and the influenza virus type (A and B vs 2009 H1N1) in separate bivariable models, the association of viremia remained statistically significant with adjusted HRs ranging from 6 to 10.
Sensitivity, Specificity, and Predictive Values
Influenza RNA detection in blood had a positive and negative predictive value for LRD of 66.7% and 80%, respectively; sensitivity and specificity were 30.0% and 94.9%, respectively (all patients, N = 79). When the analysis was restricted to patients who presented with URD (N = 71), similar values were found (66.7%, 90.3%, 50.0%, and 94.9%, respectively). Abbreviations: AA, aplastic anemia; aGVHD, acute graft-versus-host disease; BRCA, breast cancer; cGVHD, chronic graft-versus-host disease; CMV, cytomegalovirus; HCT, hematopoietic cell transplant; LRD, lower respiratory tract disease; MDS, myelodysplastic syndrome; URD, upper respiratory tract disease. a Patients who underwent autotransplantation were excluded. Acute GVHD tended to be more severe in patients with URD alone than those with LRD (P = .05, Fisher exact test). b The day of influenza diagnosis was defined as the day of the first positive bronchoalveolar lavage (for patients with LRD) and nasopharyngeal-throat wash or swab (for patients with URD) sample for the influenza virus after symptom onset. c One patient infected with both influenza A and B and with influenza B viral RNA detected in blood, was counted as influenza B. Due to the small number of events for most outcomes, covariates were evaluated as candidates for inclusion in multiple bivariable models along with viremia to account for potential confounding. Covariates evaluated as candidates for inclusion in bivariable models included age, gender, underlying disease, disease risk at transplantation, donor type, human leukocyte antigen match, stem cell source, intensity of the conditioning regimen, lymphocyte count, corticosteroid treatment, early antiviral therapy, coinfection and influenza virus type (seasonal A, seasonal B, 2009 H1N1). Variables with P value <.3 in the univariable models were considered as possible predictor variables and were retained for the multivariable models. Two-sided P values less than .05 were considered statistically significant.
Abbreviations: CI, confidence interval; HCT, hematopoietic cell transplant; HR, hazard ratio (from Cox regression); LRD, lower respiratory tract disease; ND, not done; RR, relative risk (from Poisson regression); URD, upper respiratory tract disease. a Started within 48 h after sample acquisition.
Influenza Viral RNA Detection in Blood as a Risk Factor for LRD Outcomes
The presence of RNA detection in blood at the time of diagnosis of LRD or before was associated with a higher probability of death (Supplemental Figure 2) . Cox proportional hazard analysis showed that influenza viral RNA detection in blood was associated with a higher risk of overall and influenza-associated death ( Table 2 ). None of the other candidate variables (lymphopenia, corticosteroids, influenza strain, presence of invasive coinfections, or intensity of the conditioning regimen) were statistically significantly associated with hypoxemia, mechanical ventilation, and overall or influenza-related death.
DISCUSSION
This is the first study to systematically assess the frequency and time pattern of influenza viral RNA detection in blood using quantitative RT-PCR among HCT recipients with proven influenza disease. Although the significance of viral RNA detection in blood likely differs by virus and detection of viral RNA by PCR does not necessarily prove the presence of replicating virus, viral nucleic acid detection in blood is associated with disease severity for both RNA and DNA viruses such as cytomegalovirus, adenovirus, severe acute respiratory syndrome coronavirus, and avian influenza. In our longitudinal study, viral RNA detection in blood occurred in approximately 10% of all patients with influenza and 30% of patients with influenza LRD. Viral RNA in blood was detectable a few days prior to the diagnosis of LRD and was a risk factor for progression of URD to LRD among patients who presented with URD. Influenza viral RNA in blood was associated with hypoxemia, respiratory failure, and overall and influenzarelated death. Furthermore, influenza RNA detection in blood was associated with increased mortality among patients with influenza LRD. Although there have been several reports of influenza RNA detection in blood, the incidence of virus isolation or viral RNA detection in blood is thought to be very low, particularly for seasonal influenza [12] [13] [14] . However, H5N1 influenza infection and infection with newly circulating pandemic viruses may be more likely to cause a viremic phase than circulating seasonal human influenza viruses [4, 5, 12] .
Limitations of this study include the retrospective nature of the analysis, the relatively small number of patients with 2009 H1N1 influenza, missing donor and recipient vaccination status, and missing weekly samples in some patients, which made the exact time pattern of RNA detection relative to influenza URD and LRD difficult to assess. The relatively small sample size prevented us from performing models that included all possible risk factors simultaneously, but we formed several different bivariate models that adjusted for other important factors (eg, early initiation of antiviral therapy [<48 hours]). All models showed viremia as a very significant factor for clinically important outcomes (Table 2) . We analyzed preemptive antiviral therapy as a possible factor for outcome based on previous studies. Antiviral therapy consisted largely of oseltamivir, but some earlier cases of influenza A were treated with M2-inhibitors. Finally, we used plasma or serum samples for quantitative RT-PCR, but could not test or culture any cellular components due to the retrospective nature of our study. The optimal blood component for influenza RNA detection has not been defined [12] . Although the serum and plasma samples in our study were not collected specifically for future RNA detection, the influenza RNA detection rate did not decline in older samples and samples were evenly spread throughout the study period. Nevertheless, we recognize the possibility that using serum and plasma stored for as many as 20 years may have underestimated the true rate of influenza RNA or may introduce bias [15] .
In conclusion, detection of viral RNA in blood was a risk factor for progression of URD to LRD in HCT recipients with URD at presentation, especially in those who had lymphopenia. Viremia also appeared to be associated with mortality among patients with influenza LRD. Thus influenza RNA detection in blood may serve as marker for poor overall outcome in immunosuppressed patients. Future studies should confirm these findings in larger cohorts, focus on defining the optimal blood fraction that contains the highest amount of virus, and investigate the usefulness of viral RNA detection in blood as a marker for progressive disease in other settings of influenza disease.
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